ABSTRACT This paper presents a performance recoverable control scheme for air-breathing hypersonic vehicles (HSVs) with nonminimum phase characteristics. As elevator and throttle are the only two control inputs available for longitudinal trajectory tracking of HSVs, there are two representative problems emerged. One is the nonminimum phase behavior in pitch dynamics of HSVs due to elevator-to-lift coupling, which prevents the application of standard inversion-based control techniques. The other is the engine performance recovery control with the disabled propulsion system, when flight states of HSVs exceed the safe working boundary, causing engine flameout. In view of the above, a comprehensive control scheme is proposed to realize performance recoverable and high-precision trajectory tracking of nonminimum phase HSVs. First, a dynamic integral sliding-mode (DISM) control method based on the Byrnes-Isidori (B-I) normalized form is proposed, achieving asymptotic tracking of velocity and flight path angle (FPA) while stabilizing internal dynamics. The control method transforms the FPA tracking problem into a stabilization problem of an augmented system consisting of internal dynamics and dynamic compensator, making closed-loop pole adjustable, and thus improves the tracking performance. Second, on this basis, a performance recoverable control scheme is proposed to achieve the automatic performance recovery of HSVs when the engine flameout occurs due to the stall of the HSVs. It achieves temporary acceleration by adjusting the trajectory, thus obtaining the conditions for engine restart. The simulations of the nominal condition and engine flameout condition are presented, respectively, to verify the proposed control scheme. From the simulation results, the proposed control scheme is shown to have superior tracking accuracy with internal dynamics stable, and the robustness is fully verified by the Monte Carlo simulations. Especially, speed autonomous recovery and engine restart are achieved during the engine flameout, which demonstrates the effectiveness of the proposed performance recovery control scheme.
I. INTRODUCTION
Hypersonic air-breathing vehicles are sensitive to changes in flight condition as well as physical and aerodynamic parameters due to their design and flight conditions of high altitudes and Mach numbers [1] - [3] . The design of guidance and control systems for air-breathing hypersonic vehicles presents a set of challenges which are unique to this class of flight vehicle. Since the emphasis is on the coupling of The associate editor coordinating the review of this manuscript and approving it for publication was Ding Zhai.
propulsion system and vehicle fuselage, the research on airbreath hypersonic vehicle focuses on the control of velocity and altitude in longitudinal plane. As elevator and throttle are the only two control inputs for longitudinal trajectory tracking of HSVs, there are many difficult challenges in the design of flight control systems for HSVs. The most difficult two among them are the nonminimum phase problem due to elevator-to-lift coupling [4] and the performance recovery after engine accidental flameout [5] .
When the elevator is the only control surface available for the altitude dynamics, the HSV model exhibits unstable zero dynamics. If the dynamic inversion control is straight forwardly applied to HSVs, it results in exact tracking but the unstable zero dynamics remains an unstable part in the closed-loop system, which prevent the application of standard inversion methods. Some works tried to add canards to remove the nonminimum phase behavior of HSVs [6] - [8] , which bring more serious aerodynamic heat problems. Therefore, the control problem of HSVs without canards received more attention in recent years, and the control methods aiming at the nonminimum phase of HSVs have been investigated. Some linear adaptive control methods are presented, i.e., multiple model control [9] , L1 control [10] , Fuzzy Control [11] , robust stabilization approach via guardian maps theory [12] , stable inversion approach [13] , etc. However, the linear controllers suffer from the shortcomings that the linearized models around a trimmed point are considered while the nonlinearity terms are ignored and modeled as a bounded perturbation. Some beneficial works on nonlinear control have been done by Parker [1] - [14] , Serrani [4] - [15] and Zong [16] - [18] . One of them is ignoring the elevator-tolift coupling, then a full relative degree model is obtained. Input-output linearization of the approximate model can be achieved, based on which the dynamic inversion control and back-stepping method can be applied [14] - [19] . Another research hotspot on the nonlinear control of non-minimum phase systems is output redefinition [4] - [17] . Its main idea is to perform an output redefinition such that the zero dynamics with respect to the new output are acceptable. Then, the problem of nonminimum phase is transformed into defining a modified desired trajectory for the new output to track such that the original output tracks the original desired trajectory asymptotically. However, the output redefinition method will bring new input uncertainty to the system. In addition, some works on the nonminimum phase problem of aircraft attitude control [20] , [21] provide new inspiration. In [20] , nonminimum phase behavior of an under-actuated reentry vehicle is analyzed. Further, the vehicle attitude control system of nonminimum phase is transformed into a B-I normalized form, and the quantitative criterion of the nonminimum phase characteristic is given. In [21] , a second-order sliding mode control method is proposed to stabilize the unstable internal dynamics of the system. However, the stability of the system on the sliding surface has not been proved strictly. Besides, the method needs the knowledge of the expected zero dynamics. Fortunately, it is found that output tracking can be achieved without knowledge of expected zero dynamics by a parameters constraint of sliding mode controller. For longitudinal trajectory tracking control with complete trajectory unknown, this B-I-based DISM control method can achieve excellent tracking effect, which inspired the work in this paper.
Another difficult challenge of the design of flight control systems for HSVs is the performance recovery problem. Rapidity and maneuverability are the main advantages of hypersonic vehicle, so its propulsion system and components are working in the ultimate state to meet the performance requirements. This causes the relevant components of the propulsion system to operate close to its safe boundary and ensure its performance with a low stability margin, which is easy to cause flight safety problems. Safety and performance cannot be achieved at the same time. The safety factor will inevitably decrease with the strict flight performance requirements. Boundary-crossing of flight states may lead to faults of sensors, actuators, etc. For scramjet-powered hypersonic vehicles, engine flameout is a phenomenon that occurs as a result of several causes, which include distortion of the incoming airflow, thermal chocking of the flow in the combustor, and engine control system malfunction. Unless proper corrective actions are taken, engine flameout usually results in system failure. To avoid the boundary-crossing of flight states, some novel control works considering state constraints are presented, achieving some results [22] , [23] . Although the guidance and control system does its best to avoid failures, it is recognized that such event may be inevitable, hence the control architecture must be capable of detecting the transition to unstart and steering the vehicle to a stabilized flight regime where full operability of the engine is recovered. The recovery of system performance comes from fault detection and response of control system, hence many works on fault-tolerant control in case of system failure have been done. Some of them designed adaptive fault estimation observers to detect system fault [24] . Trajectory optimization theory and model predictive control theory are applied to the longitudinal model and attitude model of HSVs with actuator damage and input constraints [25] , [26] . Aiming at hypersonic vehicle model with actuator faults, dynamic inverse controller is constructed by using adaptive parameter online automatic adjustment [27] , [28] . For hypersonic vehicle with actuator and sensor failure, a switching faulttolerant controller is designed based on switching control theory [29] . However, these works are based on fault detection and redundant control inputs, which is not suitable for the longitudinal model in this paper. As the engine is the only input of the speed dynamics, once the flameout occurs due to the stall of HSVs, the vehicle will not be able to accelerate back to the safe flight corridor, and the engine will never be restarted. Therefore, performance recovery control independent of redundant actuators is worth studying. When the engine flameout occurs, planning and tracking a descent trajectory to recover the speed of HSVs is a good choice. As the engine cannot work, the attitude adjustment can be strategically used to accelerate back to the Mach number that the engine can restart, which recoveries the performance of HSVs, and the re-tracking of desired trajectory will be achieved.
In this paper, a performance recoverable control scheme is proposed for air-breathing HSVs considering nonminimum phase characteristics. The control scheme contains an improved B-I-based DISM control method and a performance recovery switching control strategy. First, the nonminimum phase behavior of longitudinal dynamics model of hypersonic vehicles is discussed. Second, external dynamics and internal dynamics are determined by coordinate transformation to convert the longitudinal model to B-I normalized form. Controllers are designed for velocity subsystem and FPA subsystem, respectively. For translational dynamics of minimum phase, a dynamic inversion sliding-mode controller is proposed. For the FPA subsystem of nonminimum phase, an improved B-I-based DISM control scheme is developed. The FPA tracking problem is transformed into stabilization problem of an augmented system consisting of internal dynamics and dynamic compensator when the system moves on the sliding surface. Parameters determination method of DISM is proposed to achieve the stabilization of augmented system without knowledge of expected zero dynamics. On this basis, a performance recoverable control scheme is proposed to deal with the engine flameout. As the throttle is the only control input available for the translational dynamics, once the engine flameout occurs due to the stall of the HSVs, it will not be able to achieve the performance automatically recovery. To prevent the further slowdown of HSVs, a control handover scheme is presented to use the FPA to restore the Mach number that the engine can restart, when the speed is below the minimum working Mach number of engine. Simulations of nominal condition and engine flameout condition are presented respectively to verify the proposed control scheme. First, the comparison of tracking sinusoidal signal with approximate backstepping control is presented to show the superior tracking accuracy. Then, simulations with engine flameout are presented. From the simulation results, the proposed control scheme is shown to have superior tracking accuracy as well as robustness. Specially, speed autonomous recovery and engine restart are achieved during the engine flameout, which enhance the robustness of control system in the generalized sense.
The remainder of this paper is organized as follows. In Section 2, the HSV longitudinal model is presented. In Section 3, the B-I-based DISM controller and the performance recoverable control scheme for HSVs are developed. In Section 4, stability analysis is presented. Next, simulations and discussions are given in Section 5. Finally, the conclusions are summarized in Section 6.
II. MODEL DESCRIPTION
In this section, the longitudinal dynamics model is established for an air-breathing HSV. In order to show the advantages of the proposed method more directly, FPA is designated as the output. The rigid-body longitudinal dynamics are given as follows [30] :
where
In the nonlinear model (1), state variables V , γ , θ, and Q are the velocity, FPA, pitch angle, and pitch rate, respectively. T , D, L, and M are the thrust, drag, lift, and pitch moment, respectively. Control variables and δ e are the throttle rate and elevator, respectively. The admissible ranges for variables are given in Table 1 [31] . 
III. CONTROLLER DESIGN A. CONTROLLER DESIGN FOR TRANSLATIONAL DYNAMICS
The model of velocity subsystem with uncertainty is expressed as (3), in which model uncertainty and external disturbance are represented as a bounded disturbance.
where d 1 is the comprehensive uncertainty of the system. LetṼ = V − V c , we obtain the error dynamics of velocity:
Sliding surface of subsystem (3) can be defined as
The dynamic inversion controller is designed as
where λ 1 is a positive constant, and Sign(S) is a signal function as (10) .
We obtainṠ
Obviously, the controller can achieve the asymptotical convergence of the system. A complete stability analysis will be given in Section 4.
B. CONTROLLER DESIGN FOR PITCH DYNAMICS
For the model of FPA subsystem
The output is the FPA γ , and the input is the elevator δ e . Then, the model has a relative degree ρ = 1 < 3. The system inevitably has second order internal dynamics.
1) B-I NORMALIZED FORM OF THE MODEL
The stability of the zero dynamics is analyzed under the trim condition.
Let
Bring (13) into the model (12), we get that the second order zero dynamics are unstable. The external output of the system will be beyond the scope quickly, under the influence of unstable zero dynamics. The FPA subsystem is a nonminimum phase system due to elevator-to-lift coupling, which have unstable second-order zero dynamics θ and Q.
In order to study the internal dynamics of the system more conveniently, it is hoped that the nonminimum phase system can be transformed into B-I normalized form by a coordinate transformation:
where ζ and η denote external dynamics and internal dynamics, respectively. In the B-I normalized form of the system, control inputs are only included in external dynamics, but not in internal dynamics. In order to remove the control input in the internal dynamics, new internal dynamics are selected as a linear combination of natural internal dynamics and external dynamics, which can make the control input cancel out in the new internal dynamics.
Based on this idea, the subsystem (12) is transformed to a B-I normalized form as follows:
The external dynamic is defined as ζ =γ (16) and the internal dynamics are defined as
The new definition principle of internal and external dynamics is to eliminate the control input in internal dynamics, and the definition method is not unique. Besides, different selection schemes may affect the performance of the transformed closed-loop system, which will be discussed later.
Bring the model (15) into (12), the dynamics of internal dynamics can be written aṡ
where For the model of altitude subsystem (12) , Letγ = γ − γ c , we obtain the error dynamics of FPA:
We obtainγ
where v is the virtual control. According to (15) , it can be concluded that the B-I normalized form of FPA subsystem is written as follows:
where Under Assumption 1 and Assumption 2, it can be known that the nonlinear term Γ in (25) is bounded.
The matrix
A 11 A 12 A 21 A 22 is non-Hurwitz because of the nonminimum nature of the system. If the output is directly controlled by the virtual control input v, the internal dynamics of the system will quickly diverge. The control input will be saturated quickly and the output of the system will not be stable. Hence, the dynamic inversion controller cannot be designed for the nonminimum phase system. To stabilize the internal dynamics of the closed-loop nonminimum phase system, a B-I-based DISM control considering internal dynamics is accomplished as follows.
In [32] , a dynamic sliding parameter σ is defined as a linear operator and is given aṡ
where χ denotes a dynamic compensator, e and ζ denote tracking error and internal dynamics, respectively. Parameters F, G 1 , G 2 , C, H , andC are to be determined. The DISM is defined as σ = 0, which solves the problem of internal dynamic stabilization for a class of nonminimum phase systems with relative order of 1. However, the application of this method has an important assumption. It is assumed that the internal dynamics matrix A has m unstable and l − m stable modes. In (25) , matrix A has 2 unstable modes, that is, l = 2, m = 2, and l − m = 0, which is not considered in [32] . Consider the B-I normalized form of the subsystem (24) (25), where ζ is the output, η 1 , η 2 are the internal dynamics, and v is the virtual control input.
The B-I-based DISM control approach is proposed to solve the problem about the system with all internal dynamics unstable. The DISM of subsystem (24) (25) can be represented aṡ
The DISM proposed in this paper can solve the problems mentioned above, which is not considered in [32] . The proposed parameter design method achieves convergence of output error when the system moves on the sliding surface.
Theorem 1: Construct matrix
where A 11 , A 12 , A 21 , A 22 , B 1 , B 2 are defined in (25) , and 4 are parameters in (27) . If the parameters in (27) satisfy
and the matrix P is Hurwitz, the external dynamic ζ will achieve asymptotic convergence as time increase, when the system moves on the DISM S 2 = 0. Proof: If the system is on the DISM S 2 = 0, the external dynamic
Differentiating (30), we obtaiṅ
Consider the new augmented system of output dynamic (31), internal dynamics (25) and dynamic compensator χ
Asymptotic convergence is achieved, as state matrix of the new system is P, which is Hurwitz.
The equilibrium point of system (32) is
T . In particular, the output equilibrium ζ * that we are most concerned with is
It can be seen that F is a variable related to the states of the system. According to the condition (29), the output equilibrium ζ * is always 0 with any F, and the output error ζ will convergence to 0.
Remark 2:
In system (32), equilibrium point is x * = P −1 Γ . Because of the existence of uncertainty and the change of velocity, P and Γ are not constant matrices. Generally, the velocity will not change rapidly during cruise. If the parameters make all P in the range of variation satisfy the Hurwitz condition, variability of P and Γ have little effect on the performance of closed-loop system. For d 2 and d 3 in Γ , it can only make their coefficients in the non-linear term as small as possible by choosing appropriate internal dynamics, which cannot be fully compensated. This problem cannot be solved in the back-stepping or other methods either. As control variables exist in both inner and outer loops of the system, the compensation of the disturbance in the inner loop will always pollute the outer loop. In the case of complete trajectory unknown, it is the performance limitation for closed-loop systems of nonminimum phase, which is due to the nature of the system, not the controller.
Remark 3: Considering the B-I normalized form of the subsystem (24), (25) , state feedback control of external and internal dynamics can be adopted instead of DISM. In previous studies, state feedback control has been used to stabilize internal dynamics [33] . However, the drawback of this method is that the equilibrium point of the system varies with the expected output when the gain parameter is constant. If the expected output of the system is time-varying, the tracking effect of the controller will be poor or even divergent. The method based on DSM proposed in this paper solves this problem. Dynamic compensator χ can be adaptively adjusted to ensure that the output error of the system is 0 when the internal dynamic changes.
After parameter design, it is necessary to design pseudocontrol variable in (24) to make the sliding surface S 2 reachable.
Differentiating S 2 in (27), we obtaiṅ
From (24) and (36), we obtain the control law
The main aim of this section is to design the control law v in (24) and parameters in (27) so that the nonminimum phase subsystem (24) (25) is asymptotically stable. In Section 4, we will analyze the stability of the system (1).
C. PERFORMANCE RECOVERABLE CONTROL SCHEME ONTROLLER DESIGN FOR PITCH DYNAMICS
Complex flight environment and severe working conditions of scramjet make the flight corridor of scramjet very narrow [34] . Engine performance depends largely on Mach number, flight altitude and attitude angle. It is necessary to strictly control the flight state within a certain range. If flight states of HSVs exceed the safe working boundary, it will cause engine flameout. Specially, as the throttle is the only control input available for the translational dynamics, once the engine flameout occurs due to the stall of the HSVs, it will not be able to automatically restore to the engine working corridor. To prevent the further slowdown of HSVs, a control handover scheme is necessary, which can restore the Mach number and angle of attack that the engine can restart, when the speed is below the minimum working Mach number of engine.
The performance recoverable control diagram is shown in Figure 1 .
In the flight performance recoverable control scheme, the working state detection module is added to the closedloop of the control system. When the engine is working normally, the nominal controller calculates the engine and elevator inputs commands according to the desired trajectory and states feedback, achieving the desired trajectory tracking. When the engine flameout occurs, the control system is switched to the performance recovery loop. The performance recovery controller calculates the new desired trajectory of FPA and outputs the elevator commands according to the desired flight states of engine restart, achieving the performance recovery. The performance recovery controller continues to work until the flight states restored to an acceptable range, and the engine restarts.
In this section, the performance recovery control loop is designed. The performance recovery controller restores the flight states to the desired states that engine can restart, when the engine flameout occurs.
Assumption 3: Negative thrust of engine is not considered here. When the engine flameout occurs, we assume that the effect of thrust on speed dynamic can be removed directly, that is the T = 0, and the new speed dynamic is expressed aṡ
The γ is strategically used to accelerate the HSV back to the Mach number that the engine can restart.
Assumption 4: If the speed and angle of attack of HSVs are within a neighborhood of V * and α * respectively, the engines of HSVs can be restarted.
Performance recovery under the stall of the vehicle is considered, which is relatively difficult. The control scheme consists of two parts. In the first part, the open-loop control is adopted, and the expected FPA is set to the minimum in the acceptable range, which make the aircraft reach the acceleration limit.
Considering the smoothness of reference trajectory, a transition function based on scaled 1/2 periodic sine function is proposed as (39), which is smooth and differentiable everywhere.
where t 0 is the start time of transition function, T tr is the transition time, γ 0 and γ f are the value of FPA at t 0 and the expected final value of FPA, respectively. The diagram of the function is as follows When the speed of HSV reaches the expected restart speed, the controller is switched to the second part, closed-loop precise control. Conventional dynamic inversion control method is adopted. LetṼ re = V − V * , we obtain the error dynamics of velocity:
Sliding surface of (40) can be defined as The dynamic inversion controller is designed as
whered 1 is the estimate of d 1 , λ 3 is a positive constant. We obtainṠ
As we all know, engine restart relies not only on speed, but also on angle of attack. When the speed reaches the neighborhood of V * , We need to determine whether the current angle of attack is in the neighborhood of the desired angle of attack α * . The angle of attack of HSV needs to be adjusted if the engine restart requirement is not met.
Because pitch dynamics have relatively fast time scales, the adjustment of pitch angle will not affect FPA in a short time.
Therefore, the expected pitch angle is
A second-order sliding mode controller is designed to make the pitch angle reach θ * . Letθ * re = θ − θ * , we define sliding surface as follows:
The sliding mode S 4 =Ṡ 4 = 0 is called second-order sliding mode [35] .
Differentiating (45) two times, we obtain (46) as follows:
Let the control law
We obtain thaẗ
A complete stability analysis will be given in Section 4. Pseudo-code of the performance recoverable control scheme is shown in Algorithm 1.
As the fight state meets the engine restart condition V * and α * , the engine is re-ignited and restored to normal working corridor. The controller should switch back to the normal trajectory tracking controller in Section III.A and Section III.B.
IV. STABILITY ANALYSIS OF CLOSED-LOOP SYSTEM
In this section, stability proofs of the system (1) have been discussed. Firstly, the system stability in healthy condition is studied.
Theorem 3: Under the DISM (8) (27) and the control law (9) (37), if the parameters satisfy
the output of the system (1) will be asymptotically stable.
Proof: Choosing the following Lyapunov function candidate
Differentiating V L with respect to time t yieldṡ 
Re-planning desired trajectory of FPA as (39); 5.
Tracking desired FPA with B-I based controller (22) and (37)
Desired FPA is used as pseudo-control variable to control speed more accurately. The control law is as (42); 8.
Tracking desired FPA with B-I based controller (22) and (37); 9.
else if(|α − α * | > R α ) then 10.
Disable the B-I based controller (22) and (37); 11.
Tracking desired angle of attack with second-order sliding mode controller as (47); 12. else 13.
Engine restart; 14.
Reset the desired trajectory; 15.
Enable nominal FPA controller (22) and (37) end while
Obviously, the subsystem (3) is stable asṼ = S 1 = 0. According to Theorem 2, the subsystem (24) (25) will be asymptotically stable in S 2 = 0.
It can be concluded that the DISM-based control scheme designed for the closed-loop system (1) could stabilize the nonminimum phase system. Then, the system stability in the condition of engine flameout caused by HSV stall is studied.
Theorem 4: Under the DISM (27) (41) (45) and the control law (37) (42) (47), if the parameters satisfy
The HSV will achieve the expected states V * and α * that engine can restart.
Proof: Choosing the following Lyapunov function candidate
Differentiating V Lre with respect to time t yieldṡ
As λ 2 , λ 3 , λ 4 > d max ,V Lre < 0. The DISM (27) (41) (45) are reachable.
Obviously, in DISM (27) (41) (45), the HSV will achieve the expected states V * and α * that engine can restart.
In view of above, the controller designed in this paper can achieve asymptotic tracking of velocity and FPA while stabilizing internal dynamics. Specially, performance recoverable control scheme achieve speed autonomous recovery and engine restart when HSV loses power and cannot recover speed. 
V. SIMULATION RESULTS & DISCUSSIONS
In this section, the results of numerical simulations are presented to demonstrate the effectiveness and applicability of the controller design method proposed in Section III. The initial conditions of the hypersonic vehicle are given in Table 2 , and the control parameters in (9) (27) (37) (42) (47) are given in (55). 
In addition, the air density model in the simulation is the commonly used ''1976 atmospheric model''.
In order to prevent system chattering, the sign function Sign(S) in (10) is improved to
In the first part, flight simulations under normal conditions are shown. In order to test the control performance of the nonminimum phase subsystem, the FPA tracks a sinusoidal signal with an amplitude of 0.03 and a period of 60s. Choosing the output commands
The proposed method is compared with a standard backstepping control method. The coupling of the elevator-lift is ignored in the model, and the system changes to a minimum phase system. The standard back-stepping method can solve the control problem. The tracking curves are shown in Fig. 3 . The controller 1 is the one proposed in this paper, and the controller 2 is back-stepping controller. The simulation time is a period of sinusoidal reference signal. It can be seen that the tracking performance of velocity loop is similar, and the tracking performance of the proposed method in FPA loop has obvious advantages.
The internal dynamics and control input curves are shown in Fig. 4 and Fig. 5 , respectively.
The internal dynamics and control input are within a reasonable range without saturation or divergence.
In order to verify the robustness of the controller, 1000 groups of Monte Carlo simulations are carried out. An uncertain parameter model for hypersonic vehicle Monte Carlo simulation is given in Table 3 . 
Choosing the output commands
Because of tracking constant signal, the system states converges very quickly. The simulation gives 10 seconds response. Simulation results are as follows:
The output error frequency histogram of the system is as follows:
Monte Carlo simulation results show that the system is robust. The final velocity tracking errors concentrate within 0.5 and the maximum value does not exceed 25. The final FPA tracking errors converge to a sufficiently small value. The states are stable after the initial transient oscillation, and eventually stabilize at the equilibrium point of different aerodynamic parameters. The internal dynamics have been effectively stabilized.
In the second part, the flight simulations under the condition of engine flameout caused by HSVs stall are shown.
We assume that the HSV suffered a huge drag at the end of 5s. HSV decelerated to 7460 ft/s and the engine flameout occurred.
Start/restart conditions of engines are researched in [5] and [36] , and some experimental results are obtained. Considering the flight conditions of the HSVs, the engine restart condition is set conservatively as follows. We set the expected engine restart status to
and the acceptable neighborhood HSVs are only required to track the original trajectory V c and γ c after the engine restart. As height recovery is not difficult through further FPA planning, the height tracking is not considered here. The performance recoverable control scheme is activated at 5s, and the simulation results are shown in Fig. 10-Fig. 12 . The controller 1 is the performance recoverable controller proposed in this paper, and the controller 2 does not consider the performance recovery.
It can be seen that the performance recoverable control scheme (Controller 1) is activated at 5s. Then, the FPA drops to an acceptable minimum to accelerate HSV, and the speed of HSV recovered gradually until the engine restart. After engine restart, the performance of HSV is recovered, and the vehicle is restored to track the original trajectory. Relatively, after the engine flameout, the FPA of the aircraft can still track the desired value steadily, but the velocity is declining continuously under the action of controller 2.
From the Fig. 8 , we can see that the controller 1 makes the velocity tracking error converge to 0. Relatively, the vehicle with controller 2 is slowing down continuously, and the velocity tracking error increase to about 460 ft/s at 80s. The FPA tracking error of controller 1 oscillate when the desired FPA changes due to the performance recovery control scheme, and converge eventually converges to 10 −3 rad.
The internal dynamics and control input curves are shown in Fig. 12 and Fig. 13 , respectively.
The simulations show that the proposed performance recoverable control scheme for nonminimum phase HSVs has achieved two results. On one hand, under nominal working conditions, the designed controller can effectively stabilize the unstable internal dynamics of the system while ensuring the tracking effect of the external state. The comparison of tracking sinusoidal signal with approximate backstepping control show that the proposed controller achieve the superior tracking accuracy. Monte Carlo simulations show that the system can keep high precision tracking under parametric deviation of 20%. On the other hand, when the engine flameout occurs, the only input of the speed subsystem is disabled, and expected speed cannot be tracked. HSVs' speed autonomous recovery and engine restart are achieved based on the performance recoverable control scheme, which enhance the robustness of control system in the generalized sense.
VI. CONCLUSIONS
A performance recoverable control scheme for nonminimum phase HSVs is proposed. The FPA subsystem is converted to B-I normalized form, based on which an improved B-I-based DISM controller is developed, achieving asymptotic tracking of outputs while stabilizing internal dynamics. For the case of engine flameout, the performance recovery control scheme realizes the restart of engine.
The salient features of the proposed approach consist in presenting a performance recoverable control scheme, which solved the problems of nonminimum phase and engine flameout due to speed crossing. The output tracking problem is transformed into stabilization problem of an augmented system consisting of internal dynamics and dynamic compensator, transforming uncertainty to a stabilization system with relatively loose requirements. The improved parameter determination method eliminates the drawback that the desired internal dynamics must be known. Performance recoverable control scheme achieves speed autonomous recovery and engine restart, as the engine is the only input in velocity dynamics. It confirms the advantages of the proposed method by simulations under normal and fault conditions. In future research, multiple sets of parameters will be designed as the state of the system changes. The application of gain scheduling will make the performance and robustness of the system to a higher level. YUXIAO 
